Introduction
Magnetic resonance spectroscopy (MRS) is gaining popularity in substance abuse research as a tool for identifying neurochemical biomarkers and monitoring response to treatment. This noninvasive imaging technique does not use ionizing radiation, making it low risk for research on a number of populations including children. MRS provides in vivo data on the concentration of neurometabolites in human tissue found in specific regions of the body. Brain tissue is of particular interest for understanding neurocognitive disorders and psychiatric disorders including substance use disorders. Neurometabolites are products or derivatives of normal chemical metabolism and function as indicators of neurochemical activity. Information about the level of a specific metabolite or balance between metabolites determined by MRS can be used to track disease and assist in developing novel treatments targeted at bioenergetics or brain energy metabolism. The utility of MRS in substance use disorders is derived from important insights into etiology and cerebral consequences of substance abuse in addition to observing changes over time during abstinence.
There have been a growing number of MRS studies in substance abuse research over the past several years.
Thus, we aimed to systematically review the MRS substance abuse literature to evaluate the effect substances have on brain chemistry and the relationship of brain chemistry alterations and cognitive function. The substance of this review is divided into two sections. The first section provides an overview of MRS technique as well as the neurometabolites that are commonly studied with MRS in the human brain. The second section focuses on the methods and results of the systematic review of the substance abuse MRS literature. In addition, we provide a synthesis of the recent MRS research efforts, outline the gaps in the knowledge, and discuss the future of MRS in substance use disorders.
Magnetic Resonance Spectroscopy Methods
As a derivative of magnetic resonance imaging (MRI), the fundamentals of MRS are based on the principles of nuclear magnetic resonance (Castillo, Kwock, & Mukherji, 1996) . The distinction between MRI and MRS, though, is that MRI produces cross-sectional images of water within the human body, whereas the observed peaks in MRS represent metabolite concentrations. Chemists have applied in vitro spectroscopy as a technique for evaluating compounds in solution since around the 1950s, but the application of MRS to study humans is relatively novel. The U.S. Food and Drug Administration approved the use of MRS as a clinical tool in 1995 (Gujar, Maheshwari, Bjorkman-Burtscher, & Sundgren, 2005) , and while data can be collected from human tissue in nearly any part of the body, the brain has been most frequently studied. Most published studies of human brain biochemistry report findings using proton and phosphorus-31 (31P) MRS; however, other methods used include carbon-13 and fluorine-19 (Lyoo & Renshaw, 2002) .
Proton MRS focuses on signals arising from hydrogen protons within small molecules that are present in the brain at relatively high concentrations. Proton MRS is the most commonly reported method in MRS studies of the brain. Proton MRS uses the same hardware that is used for routine clinical MRI, and as a result, it is readily accessible and the associated costs are relatively low (Barker & Lin, 2006) . Another advantage to using proton MRS is that it is relatively straightforward to obtain and interpret, given the relative abundance of proton nuclei in human tissue. Phosphorus MRS, referred to as 31P MRS, detects the signal of the phosphorus nuclei and is also used in brain MRS studies but due to its technical limitations, it is not used as commonly as proton MRS. An advantage, however, of 31P MRS is the extensive information it provides with regard to bioenergetics as well as cellular membrane precursors and break down products (Reddy & Keshavan, 2003) . In contrast, technical aspects of 31P MRS, such as low spatial resolution, which results in lower resolution images, and low signal-to-noise ratios (i.e., the ratio between the magnitude of a resonance and the magnitude of noise observed in the spectrum (Blüml & Panigrahy, 2012) , limit its clinical applicability (Barker & Lin, 2006) .
Like 31P, carbon-13 and fluorine-19, which detect the signal of the carbon-13 and fluorine-19 nuclei, respectively, are not commonly reported MRS methods compared with proton because they require specialized hardware and expertise. The main advantage, though, of employing carbon-13 MRS is the rich information it offers with respect to glial-neuronal interactions (Mason & Krystal, 2006) . Fluorine-19 MRS is most commonly used to detect and quantify fluorinated medications in the brain (Mason & Krystal, 2006) .
Technical Considerations
There are different magnetic field strengths that are generated by a current and measured in Tesla that have been used in human brain MRS studies, ranging from 0.5 to 7 Tesla (Barker & Lin, 2006) . The magnetic field strength is simply the strength or magnitude of the magnetic field. Higher field strengths have the advantage of increasing signal-to-noise ratios, enhancing signal detection and improving spatial resolution (i.e., more defined images; Lyoo & Renshaw, 2002) .
A superconducting magnet creates a strong magnetic field and serves as the common factor in both MRI and MRS. The hardware used for MRS studies is similar to MRI with the exception of extra time that is required for data acquisition, shimming, and analysis. Shimming, the first step in acquiring clinical data from MRS, is a process used to maximize homogeneity of the magnetic field (Gujar et al., 2005) . As the concentration of water exceeds the concentration of neurometabolites by a factor of more than 10,000, a second important step in spectroscopy is suppression of the water signal. Other MRS considerations include selection of specific acquisition methods, such as single-voxel spectroscopy versus chemical shifting imaging, which are methods that refer to the volume(s) of tissue being evaluated. For example, single-voxel spectroscopy requires less time but it limits investigations to the examination of single small volumes of tissue, whereas chemical shifting imaging permits evaluation of larger volumes of tissue at the expense of longer acquisition times (Gujar et al., 2005) . Furthermore, parameter applications, such as echo time, are selected based on the neurometabolites of interest. A short echo time is used to detect metabolites with shorter relaxation times (e.g., glutamate and myo-inositol), and a long echo time is selected for the detection of metabolites with longer relaxation times (e.g., N-acetylaspartate, choline, and creatine; Gujar et al., 2005) .
In summary, planning and performing MRS research differs from MRI research. It requires selection of appropriate data acquisition methods and parameters to answer a specific research question.
Measurable Compounds
In MRI, the signal derives primarily from the hydrogen atoms of water and data are displayed as images. In MRS, the signal derives from compounds that are present at much lower concentrations, and results are typically represented as a collection of peaks (referred to as resonances) within a spectrum (Gujar et al., 2005) on the x-axis of line graph (see Figure 1 ). The line shown on the x-axis is continuous with peaks and valleys based on the metabolite position. The x-axis, or chemical shift, is shown as a ppm scale (parts per million) with the peaks identifying the location of a specific metabolite and the y-axis is proportional to the concentration of the metabolite being measured. The most commonly observed resonance peaks in proton MRS are N-acetylaspartate, creatine, choline, myo-inositol, gamma-aminobutyric acid (GABA), glutamate, and glutamine. As shown in Table 1 , each of these metabolites is found at a specific ppm on the spectrum. Furthermore, each metabolite provides specific information about the function of the neurons, the cellular structures as well as some molecules that are involved with neurotransmission (see Table 1 ). The commonly observed resonance peaks in phosphorus MRS include phosphomonoesters, inorganic phosphate, phosphodiester, phosphocreatine, and alpha-, beta-, gamma-nucleoside triphosphate. The phosphorus spectrum of resonances provides information regarding phospholipid metabolism, bioenergetics, and pH (see Table 2 ).
Proton Magnetic Resonance Spectroscopy Metabolites
N-Acetylaspartate. N-acetylaspartate is observed at 2.02 ppm in the spectrum and is the most prominent signal in the water suppressed proton spectrum. The precise physiological role of N-acetylaspartate is not known, but one of its functions relates to neuronal and axonal integrity while another role involves mitochondrial bioenergetics (Gujar et al., 2005) . Lower concentrations of N-acetylaspartate have been interpreted as a sign of neuronal loss or damage in neurological (Achtnichts et al., 2013; Verma et al., 2013) , sleep (Yadav et al., 2014) , and psychiatric disorders (Kraguljac et al., 2012; Maltezos et al., 2014) .
Creatine. The creatine resonances are composite peaks arising from both creatine and phosphocreatine, and they are observed at 3.03 and 3.94 ppm. Creatine and phosphocreatine are believed to be sensitive to changes in brain energy metabolism, and similar to N-acetylaspartate, alterations in brain creatine concentrations are considered to reflect mitochondrial dysfunction (Sung et al., Note. Metabolites are labeled total creatine (tCr), glutamine + glutamate (Glx), myo-inositol (mI), total choline (tCho), total creatine (tCr), glutamine + glutamate (Glx), N-acetylaspartate (NAA). (Iosifescu et al., 2008) . The energy buffering system in the brain involves phosphocreatine and adenosine triphosphate. When an adenosine triphosphate molecule is consumed, a phosphate group is transferred from phosphocreatine to adenosine diphosphate by the enzyme creatine kinase, thereby replenishing adenosine triphosphate . Given that there are changes in neuronal energy requirements, mitochondrial dysfunction may lead to reductions in the formation of phosphocreatine transferred by mitochondrial creatine kinase (Sung et al., 2013) .
2013) as well as changes in cerebral energy metabolism
Choline. The cytosolic choline-containing compounds glycerophosphocholine and phosphocholine contribute to the choline peak observed at 3.2 ppm. Concentrations of glycerophosphocholine and phosphocholine vary depending on brain region with higher levels found in myelin (Licata & Renshaw, 2010) . Choline-containing compounds play an important role in the synthesis and degradation of cellular membranes and are considered sensitive to changes in membrane turnover (Gujar et al., 2005) . Furthermore, choline is considered an index of cellular density in brain tumors, as well as potentially serving as a marker of increased glial density relative to aging and disease processes (Nordahl et al., 2005) .
Myo-inositol. The chemical shift of the myo-inositol peak is 3.56 ppm. The exact role of myo-inositol within the brain is not clear, but it is considered to be a marker of glial proliferation. Furthermore, myo-inositol is a sugar with involvement in regulating neuronal osmolarity, as well as metabolism of membrane-bound phospholipids .
Glutamate and Glutamine. Both glutamate and glutamine resonate closely together as peaks located between 2.10 and 2.50 ppm. The peak seen at 2.40 ppm arises from the combined glutamate and glutamine resonances and is referred to as Glx (Licata & Renshaw, 2010 ). The concentration of glutamate in the brain exceeds the concentration of glutamine and therefore the glutamate signal often confounds measures of glutamine (Maddock & Buonocore, 2012) . These two metabolites can be measured independently at field strengths greater than 3 Tesla with appropriate methods (Hurd et al., 2004) , but Glx has been more commonly reported, especially in older reports. These metabolites are central to the glutamateglutamine cycle, which plays a critical role in brain metabolism. In addition, glutamate is the brain's primary excitatory neurotransmitter, and glutamine is a major precursor and fuel supply of amino acid neurotransmitters, like glutamate and GABA, as well as involvement in regulating the metabolism of brain ammonia (Maddock & Buonocore, 2012) . Abnormal function of the glutamatergic system has been implicated in the pathophysiology of mood disorders (Sanacora, Zarate, Krystal, & Manji, 2008) .
Gamma-Aminobutyric Acid. GABA is detected as a peak at 3.03 ppm. GABA is the primary inhibitory neurotransmitter in the mammalian central nervous system. Decreased brain GABA concentrations may suggest neuronal dysfunction (Long et al., 2013) and have been noted in several neuropsychiatric disorders (Chang, Cloak, & Ernst, 2003) . Glutamate, glutamine, and GABA resonances are notorious for being difficult to measure (Licata & Renshaw, 2010) , despite several methods that have been used to more easily obtain data from these metabolites. As a consequence, studies reporting these metabolites typically only appear in more recent publications.
Phosphorus Magnetic Resonance Spectroscopy Metabolites
Phosphomonoesters. The phosphomonoester resonance is seen at 5.15 to 7.02 ppm and contains the phosphomonoesters phosphorylethanolamine and phosphorylcholine as well as glycerophosphate and inositol phosphates. Phosphorylethanolamine and phosphorylcholine are the most abundant metabolites in this resonance, and they are precursors of membrane phospholipid synthesis (Kato, Inubushi, & Kato, 1998) . The information provided from the phosphomonoester peak relates to neuronal membrane metabolism (Frangou & Williams, 1996) .
Inorganic Phosphate. The chemical shift of the inorganic phosphate peak is 5.02 ppm, and given that it is detected between the phosphomonoester and phosphodiester peaks, it is challenging to quantitatively analyze (Kato et al., 1998) . The inorganic peak reflects the pH dependent equilibrium between PO 4 − and PO 4 −2 ions, which allows the calculation of brain pH from the chemical shift of inorganic phosphate . Brain pH is critically involved in maintaining healthy function of the central nervous system, and inorganic phosphate plays a role in several metabolic pathways (Kato et al., 1998) .
Phosphodiester. The phosphodiester peak appears at 2.67 to 3.20 ppm on the phosphorus MRS spectra. The phosphodiester peak arises from both glycerophosphate and glycerophosphoethanolamine, and these metabolites reflect the breakdown products of membrane phospholipids . Like the phosphomonoesters resonance, the phosphodiester peak provides information regarding neuronal membrane metabolism (Frangou & Williams, 1996) .
Phosphocreatine. The phosphocreatine peak is the tallest peak and positioned in the middle of the phosphorus MRS spectra at 0 ppm. Phosphocreatine is abundant in tissues with variable energy demands, such as the brain and muscle tissue. Its role, through the creatine kinase reaction, is to replenish an adenosine triphosphate molecule after it is consumed by transferring a high-energy phosphate group to adenosine diphosphate .
Alpha-, Beta-, and Gamma-Nucleoside Triphosphates. Nucleoside triphosphates form three distinct peaks: alpha (α; −7.52 ppm), beta (β; −16.26 ppm), and gamma (γ; −2.48 ppm). The β-nucleoside triphosphate peak reflects adenosine triphosphate, whereas the γ-and α-nucleoside triphosphate peaks include contributions from adenosine triphosphate as well as adenosine di-and monophosphate (Trksak et al., 2013) . Because adenosine triphosphate is involved in many biochemical processes in the brain, the β-nucleoside triphosphate resonance is present at a higher concentration than the α-and γ-nucleoside triphosphate peaks .
In summary, proton and 31P MRS are used to measure brain chemistry. Proton MRS evaluates the function of neuronal and cellular structures as well as measuring some molecules that are involved in neurotransmission, and 31P MRS examines neurometabolites that are involved in phospholipid metabolism, high-energy metabolism, and pH.
Method
A literature search was conducted using the U.S. National Library of Medicine's PubMed and Cumulative Index to Nursing and Allied Health Literature databases to identify peer-reviewed substance abuse neuroimaging MRS studies by substance (e.g., alcohol, methamphetamine, 3,4-methylenedioxymethamphetamine [MDMA], cocaine, opiates or opioids, marijuana, and nicotine). The terms that were included in the search are outlined in Table 3 . The following were used as inclusion criteria: adult (age > 18 years of age), proton or 31P MRS studies of alcohol, methamphetamine, MDMA, cocaine, opiates, opioids, marijuana, or nicotine use disorders, the use of a comparison group, studies written in English language, and to understand the progress in substance abuse research in the last decade, human studies published since 2004 were included. The following were used as exclusion criteria: review papers, intervention studies with a pharmacological treatment, and the chronic use 1 of two or more substances of abuse (with the exception of nicotine). Furthermore, because psychiatric diagnoses may also have a relationship with changes in brain chemistry (Maddock & Buonocore, 2012) , this review excluded studies that included substance use disorders with a known diagnosis of a comorbid mood disorder and, finally, MRS studies of HIV and substances of abuse were not included since HIV may also have an impact on brain chemistry (Masters & Ances, 2014) .
Sample
The initial computerized database search produced 1,533 articles. Titles were assessed for duplicate titles, in addition to reviewing abstracts for relevance, which reduced the sample to 59 articles. Each of the articles was reviewed, and after applying the eligibility criteria, 37 articles reporting MRS data in substance abuse research were included (see Figure 2 ). Of these 37, seven of them were studies in alcohol dependence, 11 in methamphetamine dependence, 4 in MDMA use, 3 in cocaine dependence, 3 in opiate and opioid dependence, 2 in chronic marijuana use, and 7 in nicotine dependence. Table 4 presents the published MRS studies that were included in this review.
Findings

Alcohol
Magnetic resonance spectroscopy studies of alcohol dependence appear to be inconsistent with respect to an association between chronic alcohol use and changes in brain chemistry. For instance, N-acetylaspartate and choline were noted as lower in the frontal gray matter and in the frontal white matter at 1 week of abstinence from alcohol in alcohol-dependent subjects relative to light drinking subjects (Durazzo et al., 2004) . In contrast, compared with healthy control subjects, there were no differences observed in concentrations of N-acetylaspartate and choline in the occipital cortex (Mason & Krystal, 2006) and infratentorially in the left cerebellar hemisphere or the mesial frontal lobe (Bartsch et al., 2007) . Similarly, changes in N-acetylaspartate with longer periods of abstinence appear to be inconsistent with some studies reporting no longitudinal N-acetylaspartate changes with 1 to 3 months of abstinence (Ende et al., 2005; Mason & Krystal, 2006) , while one study noted an increase in N-acetylaspartate values at 6 to 7 weeks of abstinence (Bartsch et al., 2007) compared with baseline. Consistently, though, relative to baseline measurements, an increase in choline levels with 1 to 3 months of abstinence was noted in the cerebellum (Bartsch et al., 2007; Ende et al., 2005) and the frontal lobe (Ende et al., 2005) , indicating the potential of some recovery in the brain with abstinence from alcohol. Furthermore, creatine was reported as either elevated in alcohol-dependent subjects but not in light drinking subjects in the parietal gray matter , or as not differing from the control group in the frontal lobe and cerebellum (Ende et al., 2005) or occipital cortex (Mason & Krystal, 2006) . Finally, longitudinal changes in creatine with recovery were not observed (Ende et al., 2005; Mason & Krystal, 2006) .
The remaining proton metabolites (i.e., myo-inositol, glutamate, glutamine, and GABA) were not commonly reported. Two of the studies reported myo-inositol, and one of these two studies suggested that a family history of alcohol dependence influenced differences in brainstem myo-inositol levels between controls and alcohol-dependent individuals . The other study that reported myo-inositol noted that there were no changes in infra-or supretentorial myo-inositol values with 4 to 5 weeks of abstinence from alcohol compared with myo-inositol values at 1 week of alcohol abstinence Nicotine and magnetic resonance spectroscopy (65) 7 Nicotine and MRS (11) Nicotine use disorder and magnetic resonance spectroscopy (7) Nicotine use disorder and MRS (3) Recovery from nicotine and magnetic resonance spectroscopy (1) Recovery from nicotine and MRS (1) Total 36 (Bartsch et al., 2007) . With respect to glutamate, anterior cingulate cortex glutamate decreased in alcohol-dependent males after 2 weeks of abstinence compared with baseline and compared with healthy controls (Hermann et al., 2011) . Finally, cortical GABA concentrations decreased with 1 month of abstinence from alcohol in nonsmoking alcohol-dependent subjects but not smoking alcoholdependent subjects, suggesting that smoking may influence GABA's role in alcohol dependence and withdrawal (Mason & Krystal, 2005) .
While changes in neurochemistry with alcohol use have been relatively well documented over the past 11 years, less is known about how these alterations influence cognition. Two studies employed neuropsychological testing to understand the association between brain chemistry and attention and concentration in alcohol users (Bartsch et al., 2007) . The authors of one of the studies reported an increase in frontomesial N-acetylaspartate with 6 to 7 weeks of abstinence accompanied by improvements in attention, but no correlation between cognitive function and cerebral choline levels, or between long-term memory, nonverbal and verbal cognitive abilities, and N-acetylaspartate or choline (Bartsch et al., 2007) . Similarly, independent of smoking status, Durazzo et al. (2004) found a positive correlation between cerebral vermis N-acetylaspartate levels and visuomotor scanning speed and incidental learning in alcohol-dependent subjects with 1 week of abstinence. There were no associations among other regional metabolite concentrations and measures of neurocognition.
Even though there are inconsistencies in the alcohol and MRS literature, these findings overall suggest that the relationship between brain chemistry and cognition may be region specific and perhaps provide evidence of repair to neuronal viability with early abstinence. Given the limited number of MRS studies of alcohol dependence that administered neuropsychological testing, more work in this area would be able to provide a better 
Figure 2. Flow of information through the different phases of the systematic review. Brainstem Creatine in parietal GM was 8% higher in heavy drinking subjects than light drinking subjects (p = .005).
(continued) family history-negative individuals had 18% higher brain myo-inositol than family history-positive participants (p = .0004). Parietal GM myo-inositol (p = .05) and choline (p = .07) were also higher in the heavy drinking group versus the light drinking group. Lower frontal WM NAA observed in individuals older than 38 years in heavy drinking group (p = .02), as well as higher parietal GM myo-inositol (p = .009).
Ende et al., 2005
Alcohol-dependent subjects with recent (mean = 16.5, SD = 7.3 days) abstinence
Longitudinal Proton (1.5 T) Anterior superior cerebellar vermis The alcohol-dependent group showed significantly lower choline values in the frontal WM (p = .002), cerebellar cortex (p < .001), and the cerebellar vermis (p = .001) compared to healthy controls at scan 1.
Abstinent subjects demonstrated a significant increase in choline in all sub regions at scan 2 (p < .001).
Cerebellum and pons There were no differences in NAA and creatine between the two groups at scan 1 in the three frontal and cerebellar subregions.
There were changed in the choline and NAA values in alcohol-dependent subjects between scan 2 and scan 3.
Healthy control subjects (30)
Junction of pons and midbrain (continued) Healthy control males (8) Glx was reported as higher in smoking than nonsmoking participants but did not differ between controls and alcohol-dependent subjects.
In the alcohol-dependent group, NAA-adjusted mean levels of Glx in smokers were significantly higher than in nonsmokers (p value not provided).
Concentrations of GABA were higher in nonsmoking alcoholdependent subjects at ~1
week abstinent compared to smoking alcohol-dependent subjects (p value not provided)
GABA levels decreased at scan 2 compared with scan 1 in nonsmoking alcoholdependent subjects (p = .004), while no significant change was observed in smoking alcohol-dependent subjects (p = .75). However, there were no differences observed between these two groups at ~1 month of abstinence nor did they differ from the healthy controls. METH-using subjects with sustained (mean = 37.5, SEM = 5.9 months) abstinence (8) Cross-sectional Proton (1.5 T) ACC Creatine values did not differ between the groups in the ACC. Healthy controls (13) Choline/NAA ratios in the ACC were higher in the METH users with short-term abstinence compared to both long-term abstinent METH users (p = .01) and controls (p < .001), but not between long-term abstinent METH users and controls (p = .82).
No differences in NAA, choline, or creatine were observed in the PVC between the two groups. Salo et al., 2007 METH-using subjects with recent (mean = 20.0, SEM = 5.4 months) abstinence (36) Cross-sectional Proton (1.5 T) ACC Creatine values did not differ between the groups in either the ACC or the PVC.
Healthy control subjects (16) PVC Lower values for ACC NAA/ creatine (p = .007) and higher values of ACC choline/NAA (p = .004) were noted in the METH-using group compared to controls. No metabolite differences were observed in the PVC. Healthy control subjects (20) Midfrontal GM Higher myo-inositol values were noted in left frontal white matter of METH-using subjects relative to controls (p = .02). NAA concentration in the frontal WM of male METH users was lower than that of healthy male controls (p = .009).
Ernst & Chang, 2008 METH-using subjects with mean = 2.1, SD = 3.0 months abstinent (25) Longitudinal Proton (1.5 T) ACC At baseline, concentrations of Glx or NAA were not significantly different between METH-using subjects and controls subjects in any of the brain regions.
GLX values in frontal GM showed a trend to correlate inversely with the log of duration of abstinence (p = .07) in 92% of METHusing subjects scanned at 5-months abstinence.
Healthy control subjects (28) Frontal WM METH-using subjects with ≤1 month of abstinence showed lower Glx values in frontal GM compared to controls (p = .01) but not in the basal ganglia or frontal WM. Prefrontal GM GLX concentration was lower in METH-using subjects who reported craving symptoms compared to METH-using subjects who did not report craving symptoms (p = .05). METH-using subjects with sustained (mean = 46.9, SD = 27.6 months) abstinence (17) Cross-sectional Proton (1.5 T) ACC ACC choline/NAA ratios were high in the short-term abstinent group compared to controls (p < .001), but no differences were noted between the long-term abstinent group and controls.
METH-using subjects with recent (mean = 2.9, SD = 1.7 months) abstinence (17) PVC Lower NAA/creatine levels in the ACC were found in the short-term abstinent METH-using group compared to controls (p < .0001) and long-term abstinent METH users (p = .01).
Healthy control subjects (24)
No differences were observed between long-term abstinent METH-using subjects and controls. METH-dependent subjects (32) Cross-sectional Proton (1.5 T) ACC There was no difference in ACC or PVC creatine values between the two groups.
Healthy control subjects (13) PVC Lower values for ACC NAA/ creatine were observed in the METH-dependent subjects compared with controls (p = .02).
Sung et al., 2013
METH-dependent subjects (51) Cross sectional Phosphorus (3 T) Frontal lobe PCr levels in the METHdependent group were reduced in the frontal lobe compared with those in the healthy control group (p = .001).
(continued) Basal ganglia Myo-inositol levels was noted to be higher in MDMA-using subjects compared to healthy controls (p < .001).
Healthy control subjects (33)
Cocaine Yang et al., 2009 Chronic crackcocaine subjects (14) Cross-sectional Proton (3 T) ACC There were no differences found in ratios of NAA/total creatine and total choline/ total creatine between the two groups.
ealthy control subjects (14) Glutamate/total creatine ratio was lower in the crackcocaine-using group relative to controls (p < .005). Cocaine-dependent subjects had higher α-NTP after recovery sleep than after sleep deprivation (p = .008), higher β-NTP after recovery sleep than both baseline (p = .016) and sleep deprivation (p = .001), and higher total NTP after recovery sleep than both baseline (p = .043) and sleep deprivation (p = .001).
Healthy control subjects (14) Martinez et al., 2014 Cocaine-dependent subjects (15) Cross-sectional Proton (3 T)
Left striatum
No differences were seen in glutamate or glutamine between the cocainedependent subjects and healthy controls.
Healthy control subjects (15)
Opiates and opioids Silveri et al., 2004 Heroin-dependent subjects during their first month of methadone treatment (43) Healthy control subjects (15) Heroin-dependent subjects had higher PDE than healthy controls (p = .05). There were no differences pre-versus post-abstinence within each gender and when controlling for phase of menstrual cycle in females with respect to cortical GABA levels. (20) Healthy nonsmoking females showed a decline in cortical GABA levels from the follicular to the midluteal menstrual phase (p = .0002), whereas the healthy nicotine-dependent females did not show a decline in cortical GABA levels. Nicotine-dependent subjects (13) 
Left insular cortices
At scan 2, the nicotinedependent group showed an increase in glutamine compared with scan 1 (p = .023).
Male healthy control subjects
The control group did not show any metabolic changes over the three scans.
Mennecke et al., 2014
Nicotine-dependent subjects (12)
Longitudinal
Proton (3 T) Right and left anterior hippocampus
The ratio of Glx/total creatine (p = .01) was increased while total choline/total creatine ratios were decreased in the left ACC in nicotine-dependent subjects compared to controls (p = .01) at scan 2.
Healthy control subjects ( understanding of these relationships. Since alcohol dependence diagnosis was based on DSM criteria in all studies and the mean duration of dependence was relatively consistent across studies, these sources of individual difference do not account for the inconsistent pattern of findings. One possible explanation for the inconsistencies in study findings is the varying lengths of time abstinent (ranged from 0 to 17 days) from alcohol at the time of MRS procedures. It is also possible that demographic variables, such as age of onset of dependence and age of abstinence, also contributed to inconsistencies, but these variables were not consistently reported across all studies.
Methamphetamine
Results from proton MRS studies noted neuronal injury and cholinergic changes in a variety of brain regions. For example, a number of studies demonstrated reduced N-acetylaspartate values in the anterior cingulate cortex in persons with methamphetamine (METH) dependence with short-term abstinence relative to long-term abstinence , compared with healthy controls (Howells et al., 2014; Nordahl et al., 2005; and in long-term abstinence compared with healthy controls (Salo et al., 2007) , implying sustained neuronal injury with chronic METH use. On the contrary, two of the studies did not observe N-acetylaspartate differences between recovering (Ernst & Chang, 2008) and active (Lin et al., 2015) METH-dependent and healthy control subjects in the anterior cingulate cortex (Ernst & Chang, 2008) , the frontal white matter (Ernst & Chang, 2008) , the basal ganglia (Ernst & Chang, 2008; Lin et al., 2015) , and the primary visual cortex (Lin et al., 2015) . Moreover, a few studies documented an elevated ratio of choline/Nacetylaspartate in the anterior cingulate cortex in recent abstinence compared with longer periods of abstinence (Ernst & Chang, 2008; Salo et al., 2007; , whereas one study reported decreased choline values in the right dorsolateral prefrontal cortex in both active and METH-dependent subjects abstinent for nearly 3 months relative to controls (Howells et al., 2014) . Finally, another study found no differences in choline/N-acetylaspartate ratios between active METHusers and controls in the basal ganglia or in the primary visual cortex (Lin et al., 2015) . Consistent proton MRS findings documented no differences in concentrations of creatine between METHdependent subjects and controls (Lin et al., 2015; Nordahl et al., 2005; . However, a phosphorous MRS study showed a decrease in frontal lobe phosphocreatine values in METH-dependent subjects relative to healthy controls, and the effect was greater in females compared with males (Sung et al., 2013) , suggesting a possible gender-specific brain energy changes with chronic METH use. Furthermore, one study reported changes in myo-inositol with METH use, with higher levels of myo-inositol in frontal white matter of METH-users but not in controls, which might provide evidence for increased cell proliferation in response to METH-induced neurotoxicity (Sung et al., 2007) .
Reports of changes in the glutamateric system were also consistent. For example, glutamate and Glx levels were shown to be lower in short-term METH-dependent subjects in the medial prefrontal cortex (Crocker et al., 2014) , in the frontal gray matter (Ernst & Chang, 2008) , as well as the precuneus and the right inferior frontal cortex (O'Neill et al., 2015) . Finally, with longer periods of abstinence from METH, there is some evidence of brain normalization demonstrated by longitudinal increases in Glx values at 1 to 2 months abstinent and a further increase at 5 months abstinent (Ernst & Chang, 2008) .
The association between changes in brain chemistry with chronic METH use and cognition is understudied. Two out of the 11 studies included in this review examined the relationship between cognitive performance and MRS findings. The results from these two studies demonstrate an association between poorer cognitive performance, specifically attentional control (Salo et al., 2007) and ability to resolve spatial conflict and lower levels of N-acetylaspartate in the anterior cingulate cortex (Salo et al., 2007 and the primary visual cortex .
The inconsistencies in the METH and MRS study findings, specifically the N-acetylaspartate and choline results, are difficult to explain. The majority of the studies evaluated similar brain regions and the discrepant findings were reported in studies using the same field strength. Other variables to consider are length of time using METH as well as dose and frequency of use. The ranges of these variables, however, are wide in the studies reporting inconsistent findings related to N-acetylaspartate and choline, which does not provide a clear explanation for the differences in findings. Nonetheless, these data do indicate that chronic METH use results in neuronal injury with evidence of brain normalization with abstinence from METH.
3,4-Methylenedioxymethamphetamine
Findings from MRS studies in MDMA use have not demonstrated a consistent pattern of the effects of MDMA on the brain (Cowan et al., 2007; Daumann et al., 2004; de Win et al., 2008) , even when employing a higher field strength at 3 Tesla (Cowan et al., 2007) . Indeed, only one study reported significant differences in neurometabolites in MDMA users relative to healthy volunteers, and in this study, the authors noted elevated basal ganglia myo-inositol with MDMA use but not in a non-MDMA using comparison group, which might suggest a glial response to MDMA use (Liu et al., 2011) . Also, none of the studies used neuropsychological testing as a method to understand the relationship between brain chemistry and cognition in MDMA users.
It is not clear why reports over the past 11 years have produced conflicting results from studies that were reported in prior decades, which do suggest that MDMA has possible neurotoxic effects (Chang, Ernst, Grob, & Poland, 1999) . One possibility for this discrepancy is the challenges associated with studying pure MDMA users. The majority of MDMA users are polysubstance users with concurrent marijuana use reported more frequently than other drugs of abuse (Singer, Linares, Ntiri, Henry, & Minnes, 2004) , and it has been suggested that marijuana may provide neuroprotective effects (Costa, 2007) . Another consideration is the potential that proton MRS is not sensitive enough to detect changes in brain chemistry related to MDMA use.
Cocaine
The cocaine and MRS study findings largely indicate that there are no differences in brain chemistry among cocaine-dependent and healthy control subjects with the exception of glutamatergic and energy metabolism changes. For example, one study found lower levels of anterior cingulate cortex glutamate concentrations in chronic crack cocaine users when compared with healthy controls (Yang et al., 2009 ). Furthermore, using phosphorus MRS, whole brain α-nucleoside triphosphate levels increased after a night of sleep compared with sleep deprivation, and β-and total-nucleoside triphosphate values were higher after a night of sleep compared with sleep deprivation and baseline in cocaine-dependent subjects relative to healthy controls (Trksak et al., 2013) . On the whole, the results from these studies demonstrate that glutamatergic changes are present with cocaine use as well as changes to brain bioenergetics.
None of the cocaine and MRS studies included in this review explored the relationship between neurochemistry and cognitive performance. One of the studies (Trksak et al., 2013) compared cognitive performance between cocaine-dependent and healthy control subjects, but the authors did not report associations between cognitive testing and MRS data.
Opiates and Opioids
The effects of long-term opiate and opioid use on brain chemistry are understudied. There were only three studies that were included in this review, and they primarily focused on opioid maintenance therapy in opiate users, and neither of these studies administered cognitive performance testing. Results from the proton MRS study suggest an imbalance of the glutamate system with higher levels of anterior cingulate cortex Glx noted in older opiate users relative to healthy controls, as well as increased choline concentrations in the left frontal white matter observed across all age groups of opiate users compared with controls (Hermann et al., 2012) . Also, alterations in brain bioenergetics were conflicting using phosphorus MRS in studies of subjects maintained on methadone therapy. One study noted reduced levels of phosphocreatine found in the orbitofrontal and occipital cortices in heroin users initiating methadone maintenance therapy but not in a healthy comparison group (Silveri et al., 2004) , whereas another study demonstrated no differences in concentrations of whole brain phosphocreatine in individuals on methadone maintenance therapy compared with healthy controls (Trksak et al., 2010) . Length of methadone maintenance therapy might explain the discrepancy in these findings, as in one of the studies, methadone was recently initiated (Silveri et al., 2004) , while in the other study, the duration of methadone maintenance ranged from 8 to 28 months (Trksak et al., 2010) . Because of the limited number of MRS studies in opiate use, it is difficult to assess the impact of opiate use on the brain; however, the few published reports provide some evidence that there are differences in neurochemistry in opiate users starting opiate maintenance therapy in comparison to nonopiate users.
Marijuana
The effects of marijuana use on brain chemistry in adults without concurrent use of another substance of abuse or HIV+ serostatus are limited. The two studies that were eligible for this review reported no group differences in most neurometabolites among marijuana users and healthy control subjects (Mashhoon et al., 2011; Silveri et al., 2011) , with the exception of alterations in myoinositol. Notably, changes in the thalamus (Mashhoon et al., 2011) and globally (Silveri et al., 2011) were noted with lower myo-inositol (Mashhoon et al., 2013) and myo-inositol/creatine ratio (Silveri et al., 2011) in chronic marijuana users with respect to healthy volunteers. These limited findings indicate that marijuana use may result in decreased glial proliferation. Finally, none of the studies that were included in this review administered neuropsychological testing as a study procedure.
Nicotine
MRS studies of chronic nicotine use have mostly targeted the anterior cingulate cortex. The main neurometabolites of interest have been glutamate, Glx, and GABA, and although there are inconsistencies noted in the findings, they generally suggest that nicotine use results in changes in brain chemistry. However, none of the studies included neuropsychological testing to investigate the impact of brain chemistry changes on cognitive performance. Regardless, when compared with females who did not relapse while using nicotine replacement therapy, dorsal anterior cingulate cortex glutamate/creatine levels were found to be reduced in females who relapsed (Mashhoon et al., 2011) . On the other hand, relative to healthy controls, there were no differences in anterior cingulate cortex and hippocampal glutamate levels in nicotine-dependent subjects . It is possible that glutamate serves as a biomarker for relapse considering changes in glutamate were not found in treatment of naïve nicotine users yet were identified in females seeking treatment. As an alternative, perhaps gender influences glutamate since reduced concentrations were noted in a female-specific group only.
Along the same lines of the glutamate finding, alterations in cortical GABA concentrations were also noted in nicotine using females versus nicotine using males (Epperson et al., 2005) , suggesting that GABA levels may also vary by gender. Furthermore, MRS studies of nicotine have also evaluated changes in N-acetylaspartate and choline, and these findings indicate the possibility of nicotine use resulting in neurotoxicity as evidenced by reduced N-acetylaspartate levels in the left hippocampus among nicotine users compared with nonnicotine users as well as higher anterior cingulate cortex choline concentrations with increased lifetime nicotine exposure . The association between choline and lifetime nicotine use suggests that nicotine use may cause changes in cell density or accelerate the rate of cortical membrane turnover .
Synthesis of Research Efforts During the Last Decade
The MRS studies of substance use disorders included in this review demonstrate some overlap in brain chemistry changes across drug classes, thus suggesting that changes in neurometabolites may be substance of abuse specific rather than a universal impact from drug use. The most consistent finding, though, across all substances evaluated was no differences in brain chemistry with chronic substance use compared with non-substance using controls (see Table 5 ). For example, in one or more alcohol, METH, MDMA, cocaine, opiates, opioids, marijuana, and nicotine MRS studies, the authors reported no differences in N-acetylaspartate values, particularly in the anterior cingulate cortex between substance users and controls. This finding was surprising considering that the anterior cingulate cortex is rich with dopamine (Allman, Hakeem, Erwin, Nimchinsky, & Hof, 2001) , and a few of the substances examined have an effect on dopaminergic system. Thus, we expected that studies would consistently report reduced N-acetylaspartate values with chronic substance use, specifically METH and cocaine dependence. There were, however, a few studies that did note decreased N-acetylaspartate levels, notably in studies of chronic alcohol, METH, and nicotine use. A possible explanation for the discrepancy in these findings is the field strength used as well as the varying brain regions of interest. Another consistent finding that was reported across substances related to no differences in creatine levels between substance users (e.g., alcohol, METH, MDMA, opiates and opioids, marijuana, and nicotine) using proton MRS. In contrast, studies that performed phosphorus MRS consistently demonstrated lower concentrations of phosphocreatine, suggesting brain energy metabolism alterations in METH and opiate and opioid users. Given that phosphorus MRS is a more advanced and sensitive technique (Blüml & Panigrahy, 2012) , it may detect alterations in energy metabolism better than proton MRS, which might explain why phosphorus MRS studies reported changes in phosphocreatine while proton MRS studies did not.
The report of increased choline values with abstinence was consistent among alcohol and METH users, thus suggesting that the rate of cellular membrane production may increase with brain recovery. Next, fewer consistent findings were noted from studies of glutamate, glutamine, and Glx concentrations. Compared with controls, no differences in glutamate were commonly reported in METH, cocaine, opiates and opioids, marijuana, and nicotine dependence, in glutamine levels with cocaine and marijuana use and in Glx in METH and opiate and opioid users. In contrast, however, glutamate was documented as decreased in METH, cocaine, and nicotine dependence and Glx was lower in METH users relative to control, which may reflect alterations in glutamatergic metabolism or transmission with substance use. Importantly, though, not all studies evaluated glutamate or glutamine, specifically studies using a 1.5 Tesla field strength, as these neurometabolites are challenging to detect with lower field strengths (Hurd et al., 2004) . Finally, GABA was not commonly studied across substances. In fact, only two studies reported GABA, and these findings consistently showed a decreased in GABA concentrations with nicotine use.
What Are the Gaps?
The majority of the studies used proton MRS methodology to understand changes in brain chemistry in substance use disorders. However, there is a gap in knowledge with respect to how substances of abuse impact brain metabolic energy, which can be quantified using phosphorus MRS imaging. Only three of the published articles included in this review applied phosphorus MRS imaging, and while the findings from these studies suggest that substance use compromises high-energy phosphate metabolism, the small number of publications limits generalizability.
There is limited information regarding how changes in neurochemistry relate to cognitive function. Out of the 37 studies reviewed, only three of them conducted neuropsychological testing in conjunction with MRS scanning and two of them were studies of METH, MRS, and cognitive function. Since N-acetylaspartate has been identified as a marker of neuronal integrity, it is not surprising that the cognitive performance findings suggested lower concentrations of N-acetylaspartate with poorer cognitive function among METH users. The lack of information with respect to the relationship between brain chemistry and cognition underscore the need for more attention in this area.
Studies of MRS and substance abuse are notorious for small sample sizes. The largest sample size noted in this systematic review included 188 MDMA-naïve young adults (de Win et al., 2008) . This is a remarkably large sample size compared with the majority of the other studies, which on average included approximately 30 participants. Concerns regarding external validity and low statistical power are raised with a small sample size. In fact, in a review of neuroimaging meta-analyses, the median statistical power of 461 individual studies was 8% (Button et al., 2013) . If low statistical power is typical in neuroimaging research, the likelihood of statistically significant findings reflecting a true effect is jeopardized (Button et al., 2013) .
Where We Are Headed?
Information gleaned from MRS studies of substance users has provided useful insight on the neurobiological effects of substance use and abstinence. Because MRS scans reveal concentrations of target chemicals in brain regions, its utility is becoming more widespread, particularly in examining pharmacological treatment approaches. This review, however, excluded studies that evaluated the effects of a medication on brain chemistry changes in substance use disorders because one of our goals was to understand the neurochemistry changes in substance use disorders. With that said, we excluded three studies from this review based on the exclusionary criterion of a medication investigation, but it is important to note that these types of studies have the potential to increase the effectiveness of medication management in substance abuse. If future pharmacological development studies adapt the approach of including MRS, our understanding of how medications work in substance use disorders may allow for more targeted treatment modalities. In addition to pharmaceutical development, MRS may be used in the specialty of substance abuse for diagnostic purposes.
Overall, in psychiatry research, the diagnostic potential of MRS remains unfulfilled, but the recent advances in MRS offers the possibility of identifying brain biomarkers for disease. For instance, in Parkinson's disease, reduced cingulate N-acetylaspartate/creatine ratios have been noted in individuals with Parkinson's disease and, thus, identified as a clinical biomarker of disease progression (Sharma et al., 2013) . Finally, future uses of MRS also include evaluating treatment response, and a study by demonstrates an application of this approach. Phosphorus MRS was conducted before and after depressed adolescents were treated with an investigational medication, creatine, which was hypothesized to increase brain phosphocreatine content. The researchers noted a significant increase in phosphocreatine concentrations at the end of treatment scan in parallel with a decrease in depressive symptoms . The results from this study offer the opportunity for substance abuse researchers to consider study designs that take the neurobiology of addiction coupled with targeted treatment approaches into consideration.
With the current emphasis on translational research in a variety of disciplines, including nursing and medicine, the question of how neuroimaging research translates to clinicians is important to consider. Led by an initiative from the National Institute on Drug Abuse and National Institute of Alcohol Abuse and Alcoholism (Volkow, Koob, & Baler, 2015) , the search for biomarkers in substance use disorders is becoming increasingly more important for the development of personalized treatment. This review illustrates the potential of MRS providing valuable insight into the effect substance use disorders have on brain bioenergetics, the function of neuronal and cellular structures, and neurotransmitter pathways. These discoveries may allow for the identification of better therapeutic targets, and as a result, using MRS in substance use disorders has the potential to make a profound impact on treatment outcomes.
Limitations and Recommendations
Some of the MRS findings reviewed here showed differences in neurochemistry between subjects with a substance use disorder and healthy control subjects. Even though we carefully considered eligibility criteria for inclusion in this review, including excluding studies that allowed concurrent use of two or more substances (with the exception of nicotine), comorbid psychiatric illness, and HIV+ serostatus, to reduce confounding variables, the metabolite differences observed between patients and controls does not necessarily indicate injury or damage.
There are additional factors to consider, such as but not limited to, substance use history, past medical history, medication history, demographic variables, and so forth, which might explain neurochemistry differences between the two groups.
As shown in Table 3 , the MRS literature in substance use disorders has used a variety of anatomical reference points and some diversity of technique (e.g., field strength and type of scan). Furthermore, the length of time abstinent from a substance at time of the MRS procedure ranged considerably. It would be advantageous if future studies adopted a standardized protocol for data acquisition and reporting.
Conclusion
In conclusion, proton and 31P MRS are emerging translational research tools for the study of substance use disorders. The majority of the published MRS and substance use literature has used proton MRS, and furthermore, much of the focus has been on METH dependence. A number of studies revealed that there are no differences between substance use disorders and healthy controls, and the findings that did demonstrate differences between groups suggest potential neuronal injury and changes in cellular membranes. There is limited knowledge, though, on the impact of changes in brain chemistry on cognitive performance. Even though there are limitations of MRS in substance abuse research, such as small sample size and low statistical power, this methodology could continue as a pivotal role for improving treatment outcomes, but further improvements in design and analysis are recommended.
